The polymer blends containing polypyrrole (PPy) and the sulphonic acids such as β-naphthalene sulfonic acid (NSA), camphor sulfonic acid (CSA), and dodecylbenzenesulfonic acid (DBSA) were synthesized by in situ deposition technique in an aqueous media using ammonium per sulfate (APS) as an initiator. The obtained films were characterized by scanning electron microscopy (SEM), and the thermal behavior of these polymer blends was analyzed by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). The temperature-dependent (DC) conductivity of the obtained films shows a semiconducting behavior with a negative temperature coefficient of resistivity (TCR). The conductivity data were also analyzed through Mott's equation, which provides the variable range hopping model in three dimensions. The parameters such as density of states at the Fermi energy, hopping energy, and hopping distance were calculated for PPy, PPy-NSA, PPy-CSA, and PPy-DBSA films, and the data were compared.
Introduction
In recent years, intrinsic conducting polymers (CPs) with conjugated double bonds have attracted much attention as advanced materials. Among the CPs, polypyrrole (PPy) is especially promising in commercial applications because of its good environmental stability, facile synthesis, and higher conductivity compared with many other conducting polymers. PPy can often be used as biosensors, 1,2 gas sensors, 3, 4 wires, 5 microactuators, 6 antielectrostatic coatings, 7 solid electrolytic capacitor, 8 electrochromic windows, displays, and packaging, polymeric batteries, electronic devices and functional membranes, and so on. 9, 10 PPy coatings have an excellent thermal stability and are good candidates for use in carbon composites. 11 Furthermore, the electrochemical process parameters affecting the properties of the PPy coatings are also investigated. 12 PPy can be easily prepared by either an oxidative chemical or electrochemical polymerization of pyrrole and doped by a simple operation. However, synthetically conductive PPy is insoluble and infusible, which restricts its processing and applications in other fields. The problem has been extensively investigated and new application fields have also been explored in the past several years. It is well-known that electric and mechanical properties depend on the synthesis conditions, substrate, electropolymerization potential or current density, and in particular, the nature and concentration of the synthesis solutions.
In recent years, the template method has been introduced to improve the infusibility and processability of the CPs. In the template method, the target material is precipitated or polymerized on the surface of the template, which results in a core-shell structure. By removing the template, hollow microspheres can be obtained. However the removal of the template often affects the spherical structure, especially for hollow polymer microspheres. Most recently, hard templates have been used in carbon nanotubes, 13 lipid tubule edges, 14 and electrospun polymer fibers 15 for synthesizing micrometer-/nanometer-sized conducting polymers. However, to obtain appropriate hard-template materials, scientists have to purchase or prepare appropriate porous materials before synthesizing the prospective materials. Moreover, to get pure conducting polymers, the hard-template materials have to be removed after synthesis. This is very difficult in most cases and may drastically alter or even destroy the resulting materials during recovery from the templates. However, soft-templates or molecule templates are often long-range ordered structures self-assembled from certain surfactants or block copolymers and others, which provide well-defined rooms or channels for conducting polymer chains to grow into micrometer-/nanometer-sized products. 16, 17 The advantage of using these soft-template materials is that they are easy to remove after synthesis, allowing the micro-/nanostructures of the resulting polymers to remain.
On the other hand, the emulsion template method can be a good candidate since the emulsion can be easily removed through dissolution or evaporation after polymerization. In fact, the essence of the emulsion template process is the self assembly of the target materials on the surface of the emulsion droplets through polymerization or deposition. Replacing mineral acid dopants such as HCl or H2SO4 with functionalized organic acids such as camphorsulfonic acid (CSA) and 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPSA) 18 increases the overall solubility by way of the large organic groups attached to the acidic moiety. Other sulfonic acids are effective as dopants, including polyelectrolytes such as polystyrenesulfonic acid, [19] [20] [21] diesters of sulfophthallic acid, 22 and sulfosuccinic acid, 23 particularly in association with polar solvents such as m-cresol or 2,2-dichloroacetic acid (DCAA).
In the present study, the PPy films were synthesized by in situ deposition technique using pyrrole and different emulsifying surfactants such as NSA, CSA, and DBSA with APS as an initiator. These films were characterized for morphology and thermal stability using SEM, TGA, and DSC. The temperature-dependent DC conductivity of the obtained composites was studied, and further TCR values and activation energy were obtained. The conductivity data were also analyzed through Mott's equation, which provides the variable range hopping model in three dimensions. The parameters such as density of states at the Fermi energy, hopping energy, and hopping distance were calculated for PPy, PPy-NSA, PPy-CSA, and PPy-DBSA films, and the data were compared.
Experimental
Materials. All the chemicals used for the synthesis of PPy and its composites were purchased from Sigma-Aldrich and were utilized without further purification. N-methyl-2-pyrrolidinone (NMP) was obtained from Junsei Chemical Co.
Synthesis of PPy and PPy-sulphonic acid blends. The polypyrrole-sulphonic acid blends were synthesized by in situ doping polymerization in the presence of sulphonic acid as the dopant without an external template. This method belongs to the selfassembly process because the dopant serves both the doping and template functions at the same time. A typical preparation process of these nanocomposites proceeded as follows: the sulphonic acids along with the pyrrole monomer were first dissolved in water, and the solution was kept under ultrasonication for 2 h to obtain a uniform suspension containing pyrrole-surfactant. The APS solution was then added slowly, followed by cooling to -10 o C of the complete solution. The resulting mixture was allowed to react in an ice bath for 20 h. The precipitated powder was filtered and washed with distilled water and methanol until the filtrate became colorless, and was then dried in a vacuum at room temperature for 24 h. To compare the effects of the surfactant on the morphologies of the resulting PPy nanostructures, the molar concentration of pyrrole and the sulphonic acids NSA, DBSA, and CSA were kept constant at 0.05 M. The blends were abbreviated as PPy for without surfactant, and PPy-NSA, PPy-CSA, and PPy-DBSA for with sulphonic acids of NSA, CSA, and DBSA, respectively. Afterwards, the resulting precipitate was filtered and washed thoroughly with deionized water and acetone. It was dried under vacuum for 24 h to achieve constant weight. The powder was treated with a solution of sodium ethoxide (C2H5ONa) and ethanol, and was magnetically stirred at room temperature for 12 h. Finally, the precipitate was filtered and washed repeatedly with ethanol and stored in a desiccator for 4 h at room temperature.
About 2 g of obtained powder was taken in 30 mL of NMP solution, magnetically stirred for 24 h at room temperature. The solution was then placed on a Petri dish, and the NMP solvent was allowed to evaporate at 45 o C for 48 h. The obtained films were then placed in distilled water, rinsed with ethanol, and dried at room temperature for another 24 h. To obtain solventfree films, the residual NMP was removed by three cycles of doping using 1 M HCl solution for 18 h and de-doped by 0.1 M NH4OH solution for another 18 h at room temperature. The resulting NMP-free composite films were cleaned in deionized water and dried at room temperature for about one day.
24
Characterization and property evaluation of the composites. The morphology of the synthesized composite films was investigated by using SEM (Philips XL-30 ESEM). The samples for SEM were mounted on aluminum studs using an adhesive graphite tape and were sputter-coated with gold before analysis. Thermal properties were obtained by TGA (Perkin Elmer model TGA 7) and DSC by (Perkin Elmer model DSC 7) in the range 20 to 800 o C at 2 o C /min in nitrogen atmosphere. The DC electric measurements of the obtained composite films were performed within the temperature range of 300 to 500 K using the fourprobe technique with a Keithly 224 constant current source and a Keithly 617 digital electrometer.
Results and Discussion
Polymerization mechanism. PPy forms complexes with sulfonic acids. When the acid molecule is amphiliphilic, the polymer backbone can become complexes with the NSA, DBSA, or CSA molecules, and the complex forms are reported to form lamellar self-organized structures with alternating polar and nonpolar layers. [21] [22] [23] The complexation of PPy with sulfonic acids is regarded to be through hydrogen bonding between the sulfonic acid and the nitrogen of PPy, while the protonation is considered to occur in the nitrogen atom of PPy. 22, 23 The pyrrole monomers are encapsulated into uniform spherical micelles or between periodical lamellar structures driven by the hydrophobic interaction. There may be a saturated monomer concentration at which the micelles can accommodate the maximum number of monomers because the total interior volume of micelles or lamellae is definite at an equilibrium state once the surfactant concentration remains fixed. of PPy-NSA, PPy-CSA, and PPy-DBSA, respectively. We can see clearly from the figures that the morphology of PPy is influenced greatly depending on the presence of different sulphonic acid units. In Fig. 1(a) , the surface structure of PPy-NSA particles is shown at a magnification of 50 K. The PPy-NSA particles appear to be spherical, while the surface forms a cauliflower-like morphology. The size of these particles lies in the range of 270 nm to 330 nm. Fig. 1(b) represents the surface structure of the PPy-CSA composite particles, which are shown at a magnification of 30 K. The surface indicates a one-dimensional nanostructure with spherical nanoparticles, and the particle size of the PPy-CSA ranges from 230 ~ 260 nm. Fig. 1(c) indicates the surface structure of PPy-DBSA, which is shown at a magnification of 50 K. The morphology is a phase-segregated type which reveals a "broken eggshell-like" morphology, and the particle size of this composite ranges between 60 ~ 75 nm. After observing the SEM images of the composites it appears as that the pyrrole monomer units are first dispersed in aqueous solutions under different sulfonic acid environment by NSA, CSA and DBSA to form different micelles. The structure of these micelles remains same inducing different composite structures as obtained by the SEM images as shown in Figs. 1. Thus the structure of the sulfonic acids plays a major role in the composition of the composites.
Thermal studies. Fig. 2 shows the TGA curves for PPy, PPy-NSA, PPy-CSA, and PPy-DBSA. The PPy and PPy-sulphonic acid follow three steps during the decomposition processes. The initial stages of weight loss are due to the volatilization of water molecules and oligomers, as well as unreacted monomer elimination. At higher temperatures, the protonic acid component of the polymer is then lost, and finally, at more extreme temperatures, the break of the polymer chain can lead to the production of volatile gases. PPy-sulphonic acids are thermally stable in the range of 10 to 400 o C. Beyond this temperature range, the decomposition process becomes very rapid. PPy is somewhat more stable thermally than the PPy-sulphonic acids. This may be due to the higher weight losses before the thermal breakdown of the polymer backbone in the blends. The comparison between the degradation behavior of the PPy and those of PPy-NSA, PPy-CSA, and PPy-DBSA composites is summarized in Table 1 . For PPy, the TGA curve shows that the decomposition begins at around 300 o C, while for PPy-CSA, PPy-NSA, and PPy-DBSA, the decomposition temperature is formed at around 300 to 400 o C after water loss. The variation in the endothermic peaks for the composites may be due to the presence of different sulphonic acids present in the composite samples. There is a shoulder present both in PPy and PPy-CSA, which is less in PPy-NSA and PPy-DBSA, indicating the less orderness of the polymer PPy and PPy-CSA than PPy-NSA and PPy-DBSA. The increase in the glass transition temperature in the PPy-CSA, PPy-NSA, and PPy-DBSA is due to the attainment of the longer chain length. The increase in chain length may be due to the presence of sulphonic acid along with the polymer PPy.
Electrical properties of the of PPy and PPy-sulphonic acid films. Fig. 4 indicates the variation of electrical resistivity (Ω) with temperature for PPy-surlphonic acid composites obtained between the temperatures 300 K and 500 K. The values Ω decrease exponentially with temperature similar with a semiconducting behavior, and they basically depend on the type of sulphonic acid used. The value of Ω is higher at a low temperature and decreases as the temperature increases. The temperature coefficient of resistivity (TCR) for PPy, PPy-NSA, PPy-CSA, and PPy-DBSA were determined from the variation of electrical resistivity with temperature using the following relation:
where ∆ρ = ρ(T1) -ρ(T2), and ∆T = T2 -T1. Table 2 presents the calculated TCR values for PPy and PPy-sulphonic acids at different temperature ranges, which show that they have negative values and remain unchanged with temperature. Table 2 indicates that the TCR values increase as the temperature increases except for PPy-NSA, in which the TCR values decrease with the increase in temperature. The conducting polymers are typically aligned in the form of chains interspersed with regions where the chains are disordered, [26] [27] [28] [29] and it is assumed that there are highly conducting islands in a sea of amorphous polymer. The suphonic acids such as NSA, CSA, and DBSA have a positive influence on the temperature-dependent conducting property of PPy, which is caused by the mobility of counterions of the surfactants at higher temperature. Fig. 5 shows the plot of logarithm of conductivity versus inversed temperature for PPy and PPy-sulphonic acid films, which is exactly the reverse of Fig. 4 . Fig. 5 shows a linear increase in the conductivity with the increase in temperature. The conductivity behavior depending on the temperature can be ascribed to the thermal energy due to the increase in temperature to excite electrons from the valence to the conduction band. Such behavior can be expressed by the Arrhenius equation.
where σ is the DC conductivity, σ0 is the constant for a material, kB is the Boltzmann constant, T is the absolute temperature, and Ea is the activation energy. Table 3 shows the values of Ea for PPy, PPy-CSA, PPy-NSA, and PPy-DBSA at different temperature ranges. If we compare the values from Table 3 it shows that Ea for PPy-DBSA is higher and PPy-CSA is smaller as compared to PPy, PPy-NSA.
In the polymer blends, the dopant ions/molecules play an important role in the transport properties. These dopant ions/molecules are usually positioned intrinsically between chains. In the conduction process interaction/morphology is a significant factor which play an important role in the charge delocalization of the polymer composite systems. 30, 31 In these systems, it is very difficult to distinguish among the conduction mechanisms. [32] [33] [34] Nevertheless, experimental investigations reveal that the results can be explained effectively in terms of metallic content as well as the dominant hopping/tunneling mechanism. In such systems, the conductivity data may also be analyzed by the help of the Mott's variable range hopping model. This mechanism is frequently used for the explanation of the DC conductivity of disordered and amorphous materials for the variable-range hopping mechanism. 35 This mechanism is based on the premise that ca- ) as a function of T -1/2 for PPy, PPy-NSA, PPy-CSA, and PPy-DBSA. 
where σo is the intrinsic conductivity at Mott's value of characteristic temperature; To, e is the electronic charge; ν is the hopping frequency; λ is the dimensionless constant set as 18.1 in this calculation; 36 α is the inverse rate of wave functions; 37 k is Boltzmann's constant; N(E) is the density of states at the Fermi level; and
where R is the hopping distance. The average hopping energy W can be estimated by identifying the hopping distance R and the density of states at the Fermi level N (E) by the following relation:
By plotting log (σT
, a straight line is obtained. To, R, N (E), and W can be obtained by assuming that the conduction is three-dimensional and that it follows the variable-range model to support the analysis of our data in terms of variablerange hopping. curves for PPy, PPy-CSA, PPy-NSA, and PPy-DBSA, which shows partially straight lines and the slope (To) was obtained using this plot. After assuming a reasonable value of α = 10 Å and using the values of To, the Fermi level (N (E )), the average hopping energy (W ), and the hopping distance (R) are determined, and they are summarized in Table 4 . 38 If T o decreases, then the system becomes highly conducting. The value of To for PPy-CSA is low, while it is high for PPy-DBSA, the increase in To in PPy-DBSA may be due to the high inter-chain distance that does not facilitate the availability of more sites for hopping in three dimensions. The values of N (E), W, and R for PPy-CSA are higher compared with those of PPy-DBSA and PPy-NSA. The increase in the values of N (E), W, and R suggests and supports the reason for the increase in conductivity of PPy-CSA. The overall pattern of the temperature-dependent conductivity of the PPy nanostructures is well described by Mott's law for quasi-one-dimensional variable-range hopping. The images of PPy doped with CSA shows typical granular morphology, whereas PPy doped with NSA has a cauliflower-like morphology, and PPy-DBSA has phase-segregated type morphology. It was also observed that PPy doped with NSA and DBSA is thermally stable based on the measurement of weight loss. Thus, the electrical properties of PPy can be modified by a sulfonic acid which has an influence on the morphology of the resulting PPy. The longterm stability of the electrical conductivity of PPy is a crucial property from an application point of view. Besides these, the synthesis of the nanostructure composed of PPy can enhance the electric conductivity compared with the analogue polymer bulk conductivity.
Conclusion
The PPy-CSA, PPy-NSA, and PPy-DBSA films were synthesized by in situ doping polymerization in the presence of CSA, NSA, and DBSA, respectively, as the dopants without an external template. The surface morphology, thermal behavior, and electrical properties of the PPy composites were modified by the use of sulphonic acid dopants. The result shows that this type of conducting polymer synthesis not only improves the poor mechanical and physical properties of heterocyclic polymers but also retains the conductivity to a desirable value. PPy films and fibers are proven to have highly sensitive electromechanical effects, allowing them to be useful as artificial valves, chemical valves, actuators, and chemomechanical materials.
